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Use of beta recombinase in eukarvotic cells, especially for transgenic work 

5 The present invention relates to the use of prokaryotic recombinase in eukaryotic cells, 
especially for transgenic work in eukaryotic cells. 

It also relates to the use of prokaryotic beta recombinase for intramolecular 
recombination in eukaryotic cells and for mediating exclusively intramolecular 
reactions. 

10 The use of the gene coding for beta recombinase for catalyzing site-specific resolution 
(deletion) of DNA sequences when the two target sequences (DNA sequences 
containing six sites) in a plasmid (extrachromosomal target) introduced in the cell by 
transfection or when the target sequences are integrated in the genome as chromatin 
associated structures, at several locations is also disclosed. 

15 

INTRODUCTION 

Several methods have been developed allowing the manipulation of 
20 mammalian genomes in order to elucidate the relevance and function of particular 
genes of interest. Among them, the development of transgenic mouse strains and gene 
targeting technologies have turned out to be particularly useful (1, 2). These 
techniques have undergone a new advance with the characterization and application of 
site-specific recombinases (3), 
25 Site-specific recombinases can be clustered into two major families. The first 

one (the Int family) comprises those enzymes that catalyze recombination between 
sites located either in the same DNA molecule (intramolecular recombination leading 
to resolution or inversion) or in separate DNA molecules (intermolecular 
recombination leading to integration) (4-7). The later property has been exploited to 
30 allow targeted insertion of specific sequences in precise locations (8, 9), The 
recombinases used for manipulating mammalian genomes are mainly the Cre and the 
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Flp proteins, which belong to the Int family (3). The target sequences for these 
enzymes, named loxP sites for the Cre enzyme and FRT for Flp, consist on a short 
inverted repeat to which the protein binds. The recombination process is operative 
through long distances (up to 70 kb) in the genome. Using these enzymes, several 
5 authors have reported site- and tissue-specific DNA recombination in murine models 
(10-13), chromosomal translocations in plants and animals (14-16) and targeted 
induction of specific genes (17). For instance, expression of Cre from the Ick proximal 
promoter leads to specific recombination in thymus (10). The gene encoding DNA 
polymerase beta has been tissue-specifically deleted using the same strategy (1 1). In a 
10 different approach, the SV40 large tumor antigen has been specifically activated in the 
lenses of mice, resulting in tumours at that location and not in the rest of the animal 
(18). The Ck-IoxP strategy has also been used in combination with inducible 
promoters, like the case of the interferon gamma inducible promoter, that was used to 
provoke gene ablation in liver with high efficiency and with less extent in other tissues 
15 (12). This powerful site-specific recombination system, however, only allow the 
induction of a reduced number of recombination event in the same genome. Since each 
recombination reaction leaves a target sequence for the recombinase in the genome at 
the crossover site, and because integrases (e.g. Cre and Flp) can catalyze 
intermodular recombination, the whole process may lead to undesired chromosomal 
20 rearrangements. This general limitation has been proposed to be partially solved by the 
use of mutant versions of the loxP sequences (18). 

The second family of recombinases includes those enzymes that catalyse 
. recombination only when the sites are located in the same DNA molecule (resolution 
and / or inversion); they are collectively termed resolvases/invertases (19). These site- 
25 specific recombinases, which are constrained to ingmolecular reactions, could have 
an advantage over the Int family of recombinases.^^ recombinase, which belongs to 
^ the resolvases/invertases family, catalyses exclusively intramolecular deletions and 
^ inversions of DNA sequences located between two target sites for the recombinase, 
termed six (20-22). Each six site comprises 90 bp and is composed by two binding 
30 sites for the recombinase, termed I and II (20, 21, see Fig. l).jfeta recombinase is 
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encoded by the beta gene of the Gram-positive-broad-host-range plasmid pSM19035 
(22-25). 

The earlier known Cre system appears to be limited in the sense that it allows the 
induction of a reduced number of recombination events within the same mouse 
genome. When a conditional knockout mouse is made using this system, a loxP site 
remains in the genome and constitutes a potential target for another recombination 
event of unknown consequences. This problem would be fully overcome using an 
exclusively intramolecular site-specific recombinase. 



Figures: 

Figure 1: A and B. Schematic representation of the site specific recombination 
mechanism mediated by IRAP and the plasmids used. 
Figure 2. A - F. IRAP Expression 
1 5 Figure 3 . Funcional expression of IRAP 

Figure 4. IRAP-mediated site specific recombination. 
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20 THE INVENTION 

The scope of the invention is defined by the attached claims. 

In the example the use of the prokaryotic site-specific beta recombinase for the 
manipulation of mammalian genomes is explored. The cloning and expression in 
eukaryotic cells of the gene coding for beta recombinase is described and its ability to 
catalyse site-specific resolution (deletion) of DNA sequences when the target 
sequences are either in a plasmid (extrachromosomal target) introduced in the cell by 
transfection, or integrated in the genome as chromatin associated structures, at several 
locations is shown. This activity is termed IRAP, for intramolecular recombination 
activity mediated by the beta protein. By target sequences is meant six site or DNA 
sequences containing the natural six sites or modified versions that allow 
recombination activity 
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Our results show that beta recombinase is active in an eukaryotic environment, using 
the machinery/factors provided by the host cell and that beta recombinase can 
accurately and efficiently catalyse site-specific recombination in mammalian genomes. 
We show that the prokaryotic beta recombinase can be functionally expressed in 
5 eukaryotic cells and can promote the deletion of DNA sequences located between 
directly oriented target sites (intramolecular recombination activity mediated by the 
beta protein) in mammalian cells, IRAP. The availability of a tool like IRAP system, 
that can only catalyse intramolecular site-specific recombination, creates a wide 
variety of possibilities for the programmed modification of eukaryotic genomes, 
10 especially if combined with already-existing methods. For instance, a gene of interest 
could be engineered in order to have an exon or a group of exons flanked with loxP 
/FRT and six sites. This would allow the study of gene product influence in two 
distinct tissues or in the same tissue in different developmental stages, through 
differential control of Cre/Flp and IRAP expression. Alternatively, two related genes 
15 could be inactivated at the same time or at two related stages. The use of inducible 
promoters would also allow more specific spatio-temporal control of the 
recombination event. 

The possible applications and advantages of this new system is further elaborated 
20 under DISCUSSION and CONCLUSION 



Example 1. 



25 MATERIALS AND METHODS 



Plasmids and cloning 

Plasmids pBT233 (23), pBT338 and pCB8 (20) and pLXS^^vhid^ 
resistance marker for G418 (^Jw^ eukaryotic 
30 expressionj^-pSVTr^^ was kindly provided by Dr. J. Ortin (CNB). 
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The expression plasmid pSV beta was constructed by PCR amplification ofthecody 
sequence for the IRAP from the plasmid pBT233_JTie4^^ 
betaUP S'-GAGAGAAAfiGTTGGTTGGTTGAAAATGGCT-S' 
betaQP^SAGAG^GATCAGTACTCATTAACTATCCC-3' 

These oligonucleotides were engineered to contain Hindlll and Bell restriction 
sites, respectively, which were used to clone the amplified gene in the pSV2 beta 
globin vector, following standard methods (28). Since BcR is sensitive to methylation, 
pSV2 beta globin plasmid was isolated from BZ101 (dam") bacterial strain. The 
relevant structures are depicted in Fig. 1 . 



Culture and cell lines 

Transient expression assays were performed in the simian COS-1 cell line 
kindly provided by Dr. J. Ortin. Stable clones with the DNA substrate for beta 

15 recombinase integrated at different sites of the chromosome were established in the 
murine cell line NIH/3T3 . Both cell lines were grown in Dulbecco's Modified Eagle 
Medium (DMEM) (Gibco-BRL, Grand Island, NY), supplemented with 10% foetal 
calf serum (Cultek, Madrid, Spain), 2 mM L-glutamin (Merck, Drmstadt, Germany) 
and the antibiotics streptomycin (0.1 mg/ml, Sigma, St. Louis, MO) and penicillin 

20 (100 U/ml, Sigma). 
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Transfection conditions and plasmid DNA extraction. 

The transient expression experiments were performed in COS-1 cells by 
transfection. with DEAE-dextran, as described (28). Cells were harvested 48 h after 
transfection and the extrachromosomal DNA was extracted using the method 
described by Hirt (29). In brief, cell pellets were lysed with SDS (Merck) and treated 
with proteinase K (Boehringer, Mannheim, Germany) at 37 °C. The genomic DNA 
was precipitated with 1 M NaCl (Merck). Upon centrifugation, the supernatant was 
30 phenol extracted and plasmid DNA precipitated with ethanol and resuspended in water 
for further experiments. 
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Stable cell clones with pCB8 DNA randomly inserted at different genome sites 
were obtained by electroporation in a Bio-Rad Gene Pulser (Hercules, CA) of 2 x 10^ 
NIH/3T3 cells at 220 V, 960 mF, with 20 mg of pCB8 DNA and a marker DNA 
coding for neomycin resistance at a ratio of 10:1. The neomycin resistant cells were 
selected with 1 mg/ml G418 (Sigma) for approximately two weeks. The stable clones 
obtained were analyzed in Southern experiments (28) or indirect immunofluorescence, 
as described. 
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Immunoblotting and immunofluorescence 

Rabbit polyclonal antibodies against the purified beta recombinase were 
obtained by conventional techniques (28). beta recombinase was detected by indirect 
immunofluorescence or by SDS-PAGE followed by immunoblotting. 

Transfected cells were grown on coverslips. After 48 h cells were fixed in 
methanol: acetone (1:1) at -20 °C for 5 min, air dried and rehydrated with PBS. Cells 
were then incubated with polyclonal anti- beta recombinase antibodies (1:5000 
dilution) at room temperature for 30 min, washed three times for 5 min with PBS and 
incubated again with a fluorescein conjugated anti IgM antibody (DAKO, Glostrup, 
Denmark) for 1 h at 37 °C in PBS. The cells were mounted in microscope slides and 
photographed in a fluorescence microscope. 

For immunobloting analysis, transiently transfected cells were harvested 48 h 
after transfection and lysed in RIPA buffer (137 mM NaCl, 20 mM Tris-HCl pH 8, 1 
mM MgCl 2 , 1 mM CaCl 2 , 10 % glycerol, 1 % NP-40, 0.5 % sodium deoxicholate, 0.1 
% SDS) (Merck). The lysed fraction was separated through SDS-PAGE, blotted onto 
nitrocellulose membrane (BIORAD), and incubated with polyclonal anti- beta 
recombinase antibodies, previously blocked with COS-1 total cell lysate (1/500 
dilution). Peroxidase-conjugated anti-IgM antibody (DAKO, Glostrup, Denmark) was 
used as second antibody. Membranes were processed according to the ECL 
chemiluminescence detection kit (Amersham, UK). 
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Analysis of recombination products 

PCR was performed with the GeneAmp PCR System 2400 from Perkin Elmer 
(Foster City, CA), equipped with heating cover. Each reaction was carried out with 0.5 
mg of genomic DNA or 1/10 of the Hirt preparation according to supplier's 
instructions. Taq polymerase (2.5 U) (Perkin Elmer) was added with Perfect Match 
PCR Enhancer (Stratagene, La Jolla, CA) after an initial denaturation (10 min, 94°C). 
Thereafter, the procedure (Touch-Down) was as follows: 80°C 2 min, 5 cycles of 
denaturation (94°C, 1 min) and annealing/extension at 73°C, 2 min, 5 cycles of 1 min 
at 94°C and 2 min at 70°C. This was coupled to 25 cycles of denaturation (94°C, 1 
min), annealing (68°C, 30 sec) and extension (72°C, 2 min), and one additional cycle 
of extension at 72°C for 5 min. For the PCR analysis of the Hirt preparations we used 
the 16-mer reverse sequencing primer (# 1201) and the 17-mer universal sequencing 
primer (# 121 1) from New England Biolabs (Beverly, MA). 

The primers used for the PCR amplification of the Hirt^preparatipi 
unsuitable for the analysis of genomic DNA^ejjaj^tie^ a new 

pair of primers was desigr 
pBTSSSUPJ^T^-CCGGCTCGTATGTTGTGTGGAAT-S' 

pB^38DO802, 5'-TGGCGAAAGGGGGATGTGCTG-3 ' 

20 Southern analysis of the PCR products was performed by blotting the DNA 

separated through agarose gels onto nylon membranes (Amersham). Filters were 
hybridised at 42 °C in 250 mM phosphate buffer (pH 7.2), 50% formamide, 250 mM 
NaCl, 1 mM EDTA, 7% SDS, and washed in IX SSC, 0.1% SDS, at room 
temperature for 30 min, at least twice. The washing temperature was increased when 

25 needed. The radioactive labelling of probes was performed with the Prime-It Random 
Primer Labelling Kit from Stratagene. Nucleotide sequences from the PCR bands of 
interest were determined by automated fluorescent sequencer and analyzed using 
Seq-Ed 1.0.3 software (both from Applied Biosystems Inc., Perkin Elmer). 
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Expression of the prokaryotic beta recombinase in mammalian cells. 

5 The coding sequence for beta recombinase was cloned in the pSV2 beta globin 

vector that directs expression from the SV40 virus early promoter. The resulting 
construction, pSV beta (Figure 1 B), was transiently transfected in COS-1 cells which 
express SV40 T-antigen. Under these conditions, the expression by plasmids that 
contain the early SV40 promoter - included in the pSV beta - is amplyfied. A control 

10 plasmid not containing beta recombinase gene, termed pSVc, was also generated. 

Transiently transfected cells were stained with specific antibodies raised 
against beta recombinase and viewed in a fluorescence microscope. The pSV beta 
transfected cells showed a strong speckled signal located specifically at the cell 
nucleus, as it can be seen in Figure 2, panels D and E. However, very faint staining 

15 was detected in the mock and control transfections (Fig. 2A, B and C). Similar results 
were obtained when the expression was tested in immunoblot (Fig. 2F). A specific 25- 
KDa band, corresponding to purified beta protein mobility (c), was developed by the 
anti- beta recombinase antibodies when COS-1 cells were transfected with the pSV 
beta plasmid (+) but not in the mock transfected cells (-)• These results indicate that 

20 beta recombinase can be expressed in eukaryotic environments, showing strong avidity 
for the nuclear compartment. 

^ ^ fete recombinase catalyzes site-specific recombination in transiently transfected 

^ mammalian cells. 

25 Unlike Integrases with simple recombination sites, such as Cre and Flp, that 

require no additional protein factors (4, 5, 7), beta recombinase has a strict 
requirement for a chromatin-associated protein to mediate DNA recombination (20, 
22).:¥eta recombinase binds to the six sites and, with the help of a chromatin- 
associated protein, promotes strand exchange as depicted in Fig. 1A. Mammalian 
30 HMG1/HMG2 chromatin-associated protein can substitute, at least in vitro, for the 
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function of the analogous B. Subtilis or E. coli proteins , Hbsu and HU respectively 
(22). 

To determine whether eukaryotic cells could account for this host factor, 
recombination activity due to beta recombinase was first checked by transient co- 

5 transfections in COS-1 cells with plasmids pSV beta (bearing the beta recombinase 
gene) and pCB8 (the substrate DNA containing two target sites for beta recombinase 
in direct orientation flanking the xylE gene, see Fig. IB). Upon recombination, a 
derivative of pCB8 with a single six site should be obtained. The presence of this 
recombinant product can be easily monitored by PCR amplification of Hirt extracts, 

10 using primers complementary to the sequences located upstream of one of the six sites 
( primer a in Fig. IB and Materials & Methods), and downstream of the second six site 
( primer b in Fig. IB and Materials & Methods). In pCB8 5 these two primers hybridise 
to sequences located more than 2.7 Kb apart. Under our PCR conditions this fragment 
is not efficiently amplified. On the contrary, a 555 bp DNA segment should be 

15 amplified from the recombined product. A band of similar length should be obtained 
when using the same primers and plasmid pBT338 as template, that contains a single 
six site and was used as positive control (Fig. IB). Therefore, after transfection of the 
COS-1 cells (48h), the extrachromosomal fraction (Hirt extraction) of the cells was 
purified and the presence of recombination products analyzed by PCR. A clear 

20 amplified band of the expected length (555 bp) was observed only when both pCB8 
and pSV beta plasmids were co-transfected ( see Fig 3); this band was absent when the 
two DNAs were transfected separately, or when pCB8 was co-transfected with pSVc, 
the negative control plasmid. The specificity of the amplified band was further 
confirmed by Southern hybridization (bottom panel) with a probe specific for the six 

25 site (see Fig 1 A). A positive signal of the proper size was detected only in the positive 
control lane (Fig. 3, pBT338), and in the pCB8/pSV beta co-transfection sample. In 
lanes corresponding to transfections containing the pSV beta plasmid, the additional 
band of smaller size detected in the agarose gel was demonstrated to be non-specific, 
as it did not hybridise to the probe. These results show that beta recombinase is active 

30 in an eukaryotic environment, using the machinery/factors provided by the host cell. 
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beta recombinase promotes recombination in chromatin structures. 

It has been described the need of supercoiled DNA as a critical condition for 
beta recombinase mediated deletions (22). To explore whether beta recombinase can 
promote DNA rearrangements when two six sites form part of the chromatin structure, 
5 we established NIH/3T3 cell clones in which the pCB8 construct was integrated at 
different locations within the mammalian genome. Several stable clones were analyzed 
by Southern hybridization. Five of them, each one carrying different number of copies 
(5-75, not shown) of the substrate plasmid, were chosen for transient transfection with 
the beta recombinase expression plasmid pSV beta. The presence of recombination 
10 products was analyzed by PCR of genomic DNA preparations using two primers 
(pBT338UP158 and pBT338LO802, see Materials and Methods; termed a' and b' 
respectively in fig. IB) that should generate a 668 bp amplified fragment. The 
amplified DNA fragments were detected by Southern blot assays with a probe specific 
for the six site. In all cases, a band that hybridised with the probe (aprox. 660 bp) was 
detected in the pSV beta transfected samples (+) (see Fig. 4) . This DNA fragment did 
not appear when plasmid pSV beta was not included in the transfection (mock 

transfection, - lanes). 

The strength of the signal seemed to correlate with the number of copies of the 
target construction integrated in the chromosome (not shown), suggesting that 
recombination had occurred at most of the integrated target sequences. This result 
also suggests that the recombination efficiency is maintained regardless of the position 
of the target sequences within the chromatin. 

The fidelity of the recombination mechanism was also confirmed by DNA- 
sequencing of the amplified bands in the case of clones 1 and 2 (data not shown). The 
25 regenerated six site (see Fig.lA) obtained after recombination was unaltered. All 
together, these data show that beta recombinase can accurately and efficiently catalyse 
site-specific recombination in mammalian genomes. It seems, therefore, that the 
chromatin structure provides a superhelical torsion suitable for beta recombinase 
mediated recombination. Although some of the in vitro futures of beta recombinase 
30 activity are not still confirmed in mammalian environments (i.e. inversion, strict 
intramolecular recombination), we assume that they will be likely maintained in our 
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system. For this reason we define this recombination activity as IRAP for 
intramolecular recombination activity protein. 

DISCUSSION 

5 

The common genome manipulation techniques, including transgenesis and 
gene targeting, have opened a new path to understand a wide variety of mechanisms 
involving diverse genetic functions. However, the usefulness of these systems 
becomes limited when the expression or inactivation of a given gene has fatal effects 
,0 on embryo development, (as an example, see ref. 1 1, 30) or when the lack of gene 
function can be bypassed or compensated by redundant mechanisms (31-33). 
Moreover, the effects of gene inactivation outside the tissue of interest are usually 
unknown and uncontrollable (34). 

These problems have been partially overcome to some extent with the 
15 development and application of the site-specific recombination techniques (reviewed 
in 7) that allow spatio-temporal control of the targeting event. This is the case of the 
Crc-loxP and Flp-FRP systems (reviewed in 4 and 3). Nevertheless, although the Cre 
system has proven to be very useful, it seems to be limited in the sense that it allows 
only a reduced number of recombination event within the same mouse genome. 
20 When a conditional knockout mouse is made using this system, a loxP site remains in 
the genome and constitutes a potential target for another recombination event of 
unknown consequences. This problem would be overcome if an exclusively 
intramolecular site-specific recombinase can be used. 

In this report we show that the prokaryotic beta recombinase can be 
25 functionally expressed in eukaryotic cells and can promote the deletion of DNA 
sequences located between directly oriented target sites (intramolecular recombination 
activity mediated by the beta protein) in mammalian cells, IRAP. The protein appears 
to have high avidity for the nuclear compartment since it was detected after 
transfection mainly in the nuclear region forming a very condensed and speckled 
30 pattern in indirect immunofluorescence. This behavior is similar to that observed for 
the Cre enzyme (13). Neither Cre nor beta recombinase present in their primary 
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sequence a canonical or bipartite nuclear localization motif (35, 36). Since they have 
access to the nuclear compartment, we assume that this localization occurs by 
diffusion through the nuclear membrane or following the transient disorganization of 
this membrane during mitosis. 

Transient expression of IRAP by plasmid pSV beta was able to promote site- 
specific recombination between the two directly oriented six sites located in the 
substrate plasmid pCB8 when both plasmids were co-transfected into mammalian 
cells. As a result, the sequences comprised between the two target sites were deleted 
from the DNA substrate. The site-specific recombination product was detected by 
PCR amplification of the Hirt extracts and reassessed by southern hybridization of the 
amplified products. The presence of this recombination product was strictly dependent 
on the co-transfection of plasmids pSV beta and P CB8; no recombination products 
were observed when plasmids pSV beta or pCB8 were transfected separately. It is 
likely, therefore, that IRAP promotes strand exchange of an extrachromosomal DNA 
15 (pCB8 DNA) in the mammalian environment. Since in vitro recombination requires a 
chromatin-associated protein (25), we assume that this factor is provided by the host. 
Indeed, it is known that the mammalian HMG1 chromatin associated protein can 
efficiently stimulate in vitro beta -mediated recombination (22, 25). We have recently 
observed that chromatin-associated proteins from plants can also help beta 
recombinase to mediated DNA recombination ( S. Fernandez, K. Grasser, 
unpublished), suggesting that IRAP could be suitable for manipulation of plant 
genomes. 

We have also investigated the ability of IRAP to act upon chromatin-integrated 
target substrates. For this, several stable NIH/3T3 clones were established bearing 

25 different numbers of copies (5-75) of the substrate plasmid pCB8 randomly integrated 
in the host chromatin. Transient IRAP expression led to the excision of the sequences 
comprised between the two directly oriented six sites; the recombination product was 
detected by PCR amplification from purified genomic DNA and Southern 
hybridization, and its identity was reassessed by direct DNA sequencing of the 

30 amplified product. In these assays, the amount of recombination products seemed to 
correlate with the copy number of the substrate DNA integrated into the genome, 
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suggesting a high efficiency of recombination and no or low position restriction 
effects. 

The availability of a tool like IRAP system, that can only catalyse 
intramolecular site-specific recombination, creates a wide variety of possibilities for 
5 the programmed modification of eukaryotic genomes, especially if combined with 
already-existing methods. For instance, a gene of interest could be engineered in order 
to have an exon or a group of exons flanked with loxP /FRT and six sites. This would 
allow the study of gene product influence in two distinct tissues or in the same tissue 
in different developmental stages, through differential control of Cre/Flp and IRAP 
l o expression. Alternatively, two related genes could be inactivated at the same time or at 
two related stages. The use of inducible promoters would also allow more specific 
spatio-temporal control of the recombination event. 

The IRAP system seems to have potential advantages over the already existing 
methods. Different authors have reported difficulties for the maintenance of loxP sites 
15 during the cloning procedures (37), though this seems not to be the case with the six 
sites. As the six site is larger than the 34-bp loxP site, the existence of potential cryptic 
sites is less likely, conferring greater target specificity on the recombination reaction. 
Such cryptic sites have been described for the Cre recombinase (38). Recently, the 
beta protein target site sequences necessary and sufficient to yield efficient 
20 recombination have been narrowed down to a 90 bp DNA segment that includes two 
recombinase binding sites (sites I and II); the crossing over point is located at the 
center of site I (39). It is unlikely that a DNA sequence of this size could be present 
fortuitously in a genome, therefore minimizing the possibilities of accidental 
chromosome reorganizations at serendipitous sites. In addition, the enzyme seems to 
25 have strong avidity for the nucleus, avoiding the need of introducing sequences for 
nuclear localization (37). 

Preliminary results show that constitutive IRAP expression in NIH/3T3 is 
compatible with normal cell development (not shown). A transgenic mice model for 
the in vivo expression of the protein is under development. This would demonstrate the 
30 in vivo effectiveness of the IRAP-s/x system for the modification of precise targets. 
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As stated above, beta recombinase cannot promote intermolecular 
recombination in vitro or in bacterial cells. Since the potential for generating 
chromosomal reorganizations would thus be avoided, this tool could be used to 
promote two or more different specific recombination events at a time in the same 
animal model regardless of the constitutive expression of IRAP. Thus, the IRAP 
system offers new possibilities for the development of site-specific genome 
modifications. 

CONCLUSIONS 

The development of new strategies for the in vivo modification of eukaryotic 
genomes has become an important objective of current research. Site-specific 
recombination has proven useful, as it allows controlled manipulation of murine, plant 
and yeast genomes. Here we describe that the prokaryotic beta recombinase is active 
0 V in eukaryotic cells^eta recombinase has been functionally expressed in eukaryotic 
cell lines, demonstrating high avidity for the nuclear compartment and forming a clear 
speckled pattern when assayed by indirect immunofluorescence. In simian COS-1 
cells, transient beta recombinase expression promoted deletion of a DNA fragment 
laying between two directly oriented specific recognition/crossing over sequences (six 
sites) located as an extrachromosomal DNA substrate. Such intramolecular 
recombination activity mediated by the beta protein in mammalian cells was termed 
IRAP. In stable NIH/3T3 clones bearing different copy numbers of the target 
sequences integrated at distinct chromosome locations, transient IRAP expression also 
promoted deletion of the intervening DNA, independent of its position and chromatin 
structure. 

FIGURE LEGENDS 

Figure 1. Schematic representation of the site-specific recombination mechanism 
mediated by IRAP and the plasmids used in this study . 
(A) The IRAP (shown as a dimer, open circles) interacts, in the presence 
of a host factor (HMG-1, shown as a monomer, open polygons) with two 
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identical copies of the six site (shaded and open arrows) to form a 
synaptic complex. This complex is resolved giving rise to a product and a 
circular intermediate, harboring the intervening sequences, that is finally 
lost. One full six site remains intact in the host cell. (B) The essential 
features of plasmid pSVp and pCB8 and pBT338 DNA are indicated. 
The six site is shown schematically and sites I and II are highlighted. 
Orientation of the six sites is denoted by the sense of the shaded arrows. 
The coding region of the xylE gene, initially designed for expression in 
bacteria, is indicated. The hybridisation sites of the specific primers a/b 
and a*/b* pairs used for PCR amplification to detect the recombination 
products and the probe, used for specific hybridisation controls, are 
indicated. 

Figure 2. IRAP expression in mammalian cells detected by indirect 
immunofluorescence and western blot. COS-1 cells , transfected with the 
indicated plasmids, were grown on glass coverslips. After 48 h, cells 
were fixed and stained as indicated. Panels A and B correspond to mock- 
and pSVc-transfected cells, respectively, incubated first with anti-P 
recombinase polyclonal antibodies and developed with fluorescein- 
conjugated anti-rabbit IgG. Panels C, D and E show pSVp-transfected 
cells. In panel C, the pSVp-transfected cells were incubated first with 
preimmune rabbit serum, then developed as above. In panels D and E, 
showing two different fields of the pSVp-transfected cells, they were 
incubated with polyclonal anti-p recombinase antibodies and developed 
as above. Panel F. COS-1 cells, transfected as indicated, were harvested 
after 48 h and lysed as indicated in Materials & Methods. The whole cell 
extract proteins were resolved by SDS-PAGE, blotted onto nitrocellulose 
and analysed by western blot. The figure shows the autoradiography of a 
western blot incubated first with polyclonal anti-P recombinase 
antibodies and developed with peroxidase-conjugated anti-IgM. C, 
purified p recombinase protein (10 ng); -, mock-transfected COS-1 cells; 
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and +, pSVp-transfected COS-1 cells. The molecular mass of the band of 
interest is indicated. 



Figure 3. Functional expression of IRAP assessed in transient transfection 
5 experiments. COS-1 cells were transfected with the indicated 

combinations of plasmids: pCB8, pSVp, pSVc, pSVc + pCB8 and pSVfJ 
+ pCB8. Hirt extracts were obtained 48 h after transfection. The upper 
panel shows the result of PCR amplification from the Hirt extracts using 
the primer a/b pair indicated in Fig. IB. Mock lane shows the negative 
10 controls of the PCR amplification , and lane pBT338 shows the positive 

control (100 pg of plasmid). The size marker lane corresponds to ^/Ell- 
digested lambda DNA (500 ng). The lower panel shows the southen blot 
analysis of the agarose gel presented in the upper panel using a specific 
probe for the six site (see Fig. IB). The position of the band of interest is 
15 highlighted. 

Figure 4. IRAP-mediated site-specific recombination in chromatin-associated 
targets. Five NIH/3T3 clones (1-5) harboring several copies (approx. 75, 
72, 12, 18 and 5, respectively) of pCB8 DNA integrated in different 

20 chrosomal locations were isolated and characterized. These clones were 

transiently transfected, either with (+) or without (-) plasmid pSVp. 
Genomic DNA was purified 48 h after transfection and 500 ng of each 
sample were analyzed by PCR in the conditions described using the 
primer a 7b' pair (see Fig. IB). One tenth of each sample was 

25 electrophoresed in 0.8% agarose gel, blotted onto nylon membrane and 

hybridised with an appropriate probe. Controls: (a) pBT338 (100 pg) 
and (b) pBT338 (100 pg + 500 ng of NIH/3T3 genomic DNA). The size 
marker corresponds to fi^EII-digested lambda DNA (500 ng). The size 
(0.66 kb) and position of the band of interest is indicated. 
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